The energy loss and energy straggling of charged particles in foils of aluminum, nickel, silver, and gold have been studied as a function of total material thickness and of particle energy using 8.78 MeV Th C' alpha particles and solid-state detectors. Energy thickness, stopping power, and straggling cruves were obtained. The straggling results are compared with theoretical predictions of Bohr, Bethe, and Livingston, and of Titeica. Large discrepancies are found at low energy. Foil inhomogeneities and multiple scattering will probably not account fully for these. It is suggested that the effects of capture and loss of electrons, and the fluctuations of charge exchange are primarily responsible.
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I. INTRODUCTION
A THOUGH the penetration of charged particles in matter has long been studied and reviewed'+ extensively, an aspect of this subject frequently considered only briefly is the statistical fluctuation occurring in the energy-loss processes resulting in an energy broadening of an initially monoenergetic beam of particles. This phenomenon, called straggling, is measured by the root-mean-square (rms) deviation of the energy distribution about its mean value. It is often of importance to experimental nuclear physicists. For example, the understanding of the observed thicktarget yields near (p,~) resonances requires an exact knowledge of the energy distribution of the particles in the targets.6 The resolution capability of nuclear reactions is frequently limited by the target thickness, and knowledge of the limitations is often desired.
Although the theoretical understanding of both energy loss and straggling is well advanced, experimental information is generally limited. Measurements have often been made at particle velocities greater than those of the atomic electrons in the material, corresponding to about 1-MeV equivalent proton energy, and good agreement with theory has been obtained. Difficulties, however, have occasionally been reported at low energies where the capture and loss of electrons and the failure of all but the outermost electrons to participate in the stopping processes have not been completely or successfully incorporated into the theory. Early stopping power (-&Z/d%) and straggling measurements's8 of low-energy protons showed some discrepancies with theory. More recent measure-150 ments of energy loss and straggling of 1.5 to 4.5-MeV protons and deuterons in various metals9 have been successfully understood.rO But measurements of energy straggling of 5-MeV alpha particles have shown large disagreement with theory for aluminum and some discrepancy for mica.11J2
This report will discuss measurements made of the stopping power and straggling of natural alpha particles in passing through thin foils of aluminum, nickel, silver, and gold. The foils were added successively in the particle beam so that the stopping powers may be measured as a function of energy and the straggling may be measured as a function of both particle energy and total material thickness. A solid-state detector was used to achieve good energy resolution. The results obtained will be compared with those predicted by theoretical formulas.
II. THE EXPERIMENT

A . The Target Foils
Foils of the elements which were studied were commercially prepared. Those of Al and Ni were approximately l-2 mg/cm2 thick and those of Ag and Au were about 2-5 mg/cm" thick. In addition, very thick foils of Al and Ni, each approximately 4 mg/cm2 thick, were used. Punched disks of measured diameter were weighed to the nearest 0.01 mg on a microbalance. Thicknesses obtained are believed to be known within 1%.
The above method supplied only the average thickness of each foil. No information is given concerning microscopic inhomogeneities. This information is vital for any experiment in which energy or range straggling is to be measured, because such irregularities can greatly enhance the measured energy or range distributions. Unfortunately, a good technique for measuring irregularities in thickness over areas less than 0.1 mm2 with high precision was not available. A gross measure of the uniformity can be made by holding the foils in front of a strong light source. In this way it was found gL. P. Nielsen, Kgl. Danske Videnskab. Selskab, Mat. Fys. Medd. 33, No. 6 (1961 that all the thin foils used in this experiment had pinholes. Aluminum was especially bad in this respect. The other materials had very few pmholes. Nickel appeared to be the best. As will be explained below, it is believed that the experimental results provide internal evidence for assessing the uniformity of the foils. Except for aluminum, it is believed that the results to be reported are not severely limited by lack of uniformity.
B. Source and Apparatus
A PO:'2 source yielding a monoenergetic alphaparticle beam of energy 8.78 MeV was used in the present experiment. It was obtained from the decay sequence of thorium emanation (Rnr?O) which had been coated on the head of a small thumb tack. The source also contained BiZ12 which yielded alpha-particle groups at energies 6.086 and 6.047 MeV. These were used during calibration of the apparatus. Also used for calibration were the alpha-particle groups of energy 5.476 MeV from Am?" and energy 5.147 MeV from purrs.
A diagram of the apparatus is given in Fig. 1 . The source was placed on a stage inside a cylindrical vacuum chamber. The latter was evacuated to approximately 80 p of Hg through a line containing a charcoal trap immersed in liquid air. The foils, now having been clamped into aluminum rings to maintain flatness, were placed on a second. stage close above the source. So collimators were used, either between the source and foils or between foils and detector so as to avoid energy degradation resulting from slit-edge scattering.
A silicon surface-barrier solid-state detector with an active area of 25 mm? was used to detect the alpha particles which passed through the foils. It was placed approximately 4 cm above them. The energy loss resulting from the 30-100~,uqlcm2-thick gold surface was automatically corrected by the calibration. A depletion depth of 60 p obtained with 50-V bias was sufficient to stop all alpha pardcies with energies less than 10 MeV. The output from the detector was passed through a charge-sensitive preamplifier and then taken directly to t h e amplifier stage of a 400-channel pulse height analyzer.
C. Procedure
The energy calibration of the analyzer was obtained b y using the four sources listed above. Although the ii212 and Aim24l sources each have two closely spaced alpha-particle groups and the Pu?~~ source has three such groups, it was found that the resolution obtained with the apparatus enabled one to obtain the location of the dominant group in each source with great accuracy. It was found that the region between 5 and 9 MeV could be very well represented by a straight line, the largest deviation between the energy of one of the sources and that obtained from the line being 8 keV. The rms deviation from all sources was 6 keV. Using a precision mercury-relay pulser, it was found that the electronics were also linear in the region corresponding to energies between zero and 3 MeV. The location of the 8.78-MeV group was periodically checked throughout the experiment and found to be stable to within two channels in 375.
The following procedure was used to measure the energy loss and straggling. With no foils on the stage, the chamber was evacuated and an energy spectrum of the Po?r* alpha particles was taken. Then a single foil was placed on the stage and a new spectrum taken. The peak of the energy spectrum occurred in a lower channel and the distribution was broader. This foil was replaced with another foil and the process repeated until all foils of a given element had been examined singularly. Then two foils were placed in the chamber, one on top of the other, and a new spectrum taken. With the addition of more foils the peak of the energy distribution could be moved towards channel zero and large widths could be obtained. Counting was made for a time sufficient for the distributions to have a maximum count of about 500 per channel. Owing to the short half-life of the PO"" source material, a new source was provided every few hours.
III. RESULTS
A. Peak Widths and Peak Shapes
The output from the analyzer after each experimental run was plotted in the region around each peak. A smooth curve, estimated by eye, was drawn through the data points. In Fig. 2 the data for silver are shown, all superimposed on a single graph and normalized to the same masimum height. The increase in the widths of the peaks as the number of foils is increased is clearly seen. The widths of the energy distribution arise from the energy-loss processes in the foils and from instrumental effects. Knowledge of the latter can be obtained from the calibration data taken with several sources without foils. The distribution seen with the Po2r2 source is plotted near channel 375 in Fig. 2 . The full width at half-maximum (FWHM) for each PO*** source used was approximately 30 keV. It arises from the statistics of the electron-hole production processes in the detector, the straggling in the gold surface layer, and noise in the electronic circuitry. The width will add quadratically with the widths arising from straggling to yield the observed width. That is, if 7 is the FWHM resulting from straggling, then tl*= (17totep-(7lbt)*.
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In using the above subtraction it is important to know whether q bt is significantly dependent on particle energies. By considering the statistical variation in the number of electron-hole pairs formed by the alpha particles in the detector, one can estimate that the FWHM resulting from this is approximately 6 keV at 8-MeV Particle energy and 20 keV at 1 MeV. When subtracted in quadrature from peaks that are several hundred kilovolts wide, however, the increase from 6 to 20 keV is not significant and may be neglected. Similarly, straggling of alpha particles in the gold surface layer of the detector can enhance the corrected widths, if there is any energy dependence of the straggling. Using the results from this experiment, it is estimated that the FWHM resulting from straggling in a 100~pg/cm2 gold layer is approximately 6 keV at 8-MeV particle energy and could increase to 15-20 keV at 1 MeV. Again, when subtracted in quadrature, the increase is insignificant. Some information about the possible increase in linewidth with decreasing particle energy can be provided from the calibration spectra of the sources. Except for the Po2r2 source the widths were all equal to about 36 keV. However, as all these spectra are composites of several alpha-particle groups, it was concluded that there was no significant change in linewidth from that of the Po2r2 source and that the 30-keV width may be assumed to be constant over the region between 5 and 9 MeV. Any increase at lower energies is believed to be negligible.
Also observed in Fig. 2 is the existence of low energy tails and consequent lack of symmetry in the distributions. Part of this arises from the response of solid-state detectors.13 Asymmetry has been predicted by Landau" for fast particles traversing thin layers of material. An extension of this work by Promeranchukr5 and Orlov*E for very heavy particles and thick layers of material showed that Gaussian distributions should be expected. A detailed discussion of the problem has been given by Bohr,* who argued that, for heavy particles passing through thick layers of material, the energy distribution should be Gaussian with an additional low-energy tail being produced by a small number of violent collisions with nuclei. He argued further that the position of the maximum of the Gaussian portion of the distribution is very near the position of the maximum (the most probable value) of the experimental distribution and that its half-width at half-maximum (HWHM) nearly equals the HWHM of the experimental distribution measured on the high energy side. Since the conditions for Bohr's conclusions are met in this experiment and since all theoretical expressions for energy straggling assume Gaussian distributions, it has been decided that the best measure of the energy of the alpha particles emerging from a material is at the position of the maximum of the distribution and that the best measure of the straggling is the HWHM on the high-energy side. entire asymmetric FWHM's were used lie within the errors assigned to the results calculated from the symmetric FWHM's, the deviations slowly increasing with increasing foil thickness.
The basic results of this experiment are given in Table I . Listed for each element are the total foil thicknesses, the most probable energies of the alpha particles after emerging from the material, and the asymmetric and symmetric FWHM's. Results obtained from thick aluminum and nickel foils are listed separately. A conservative estimate of errors was used in the subsequent analysis. It was judged that the position of the maximum of each distribution can be determined with a precision less than 10% of the FWHM. A value of 8% was used. Hence the FWHM is believed known to 15% of its value.
B. Energy-Thickness Relations
The data from the second and third columns of Table I may be plotted to yield curves of the energy of alpha particles which have passed through foils of various thickness R. The graphs are shown in Fig. 3 . The esceilent agreement between the results for the thin and thick Ni foils is to be noted. The discrepancy in the corresponding results for Al cannot be explained by the errors in E or R. It is suggested, however, that if the thin foils are nearly uniform except near pinholes, then the observed energy distributions will be broadened to the high-energy side and thus the values of E plotted on the graph will be too high.
By drawing a smooth curve through the data points and extrapolating to zero energy, values of the most probable projected range R,, will be obtained. Because of the slight asymmetry of the energy distributions, the mean projected range may be slightly less. The transformation of coordinates (R -+ R,,,-R, E + E) will yield the customary range-energy curves. Values of R,, obtained by extrapolation are listed in Table II and compared with the calculated values of Whaling.
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The fact that the experimental projected ranges are less than the calculated values is in agreement with expectations since the latter represent the total pathlength in the material and multiple scattering corrections have not been applied.
C. Stopping Powers
The stopping powers -dE/dXmay be approximated by the quantity -AE/A.X, where ∆E is the average energy loss in a foil of thickness A.Y. This quantity is normally plotted against the average energy in the foil E.,= (Ei+E,)/2, where Ei and E, are the initial and final average energies. The approximation is valid if ∆E is small compared to E.,. Chilton et aE.* argue that if the approximation is used, then the stopping power could be plotted against an energy E' differing from E,, by a small amount. Using the expression derived by these authors it was found that the maximum correction to the E,, in the present data is less than 1.5%. The corrections have been subsequently neglected.
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Fig. 4 as a function of E,.
The density ρ is included in the denominator. Also shown in the figure are curves of Bichselra calculated from the Bethel9 theory. They were calculated from the expression where z* is the effective charge of the alpha particles in the foils (to be discussed more fully below) and -dE/pdx is tabulated for protons by Bichsel with a quoted accuracy of 2-10%. There is very good agreement between the theoretical and experimental values except for Ni, where the experimental values are systematically high. The discrepancy is consistent with the fact that the observed R,,,Bs for Ni is much less than the calculated value.
D. Straggling
The data from Table I may be used to express the energy straggling of the alpha particles as a function of material thickness and of energy. In the former case the data from columns 2 and 5 may be plotted directly and will show the increase in the energy spread of an initially monoenergetic beam of particles as it passes through an increasingly thick layer of material. This is done in Fig. 5 along with the results of theoretical calculations (Sec. IV). The most interesting feature of the data is the occurrence of a rise in the experimental values at large thicknesses which is not predicted by the theories.
'The second manner of considering the data is to calculate in quadrature the increase in straggling width with each successive addition of a foil. By subtracting out the effects of all the previous foils, the straggling general notice have been the classical-mechanical theory of Bohr,20*Z and the quantum-mechanical theories of Bethel9 and Bloch.21 ?? Associated with each of v these is an expression for straggling: the Bohr,23 Bethe-Livingston, 1 and Titeica*' formulas, respectively. The region of validity is not the same for each expression, as is discussed in detail by Northcliffe.s In all cases it is assumed that the velocity of the ion is much greater than the orbital velocities of the atomic electrons. This assumption is poorly met in the present experiment. In addition, if one defines the parameter =2ze*/hv, where ze is the charge of the incident ion which has a velocity II, then, in general, the Bohr theory is valid for the region κ > 1, the Bethe theory is valid for κ < 1 and the Bloch-Tietica theory is valid for all values of κ. Hence the Bohr and Bethe theories are complementary. The critical alpha-particle energy for which κ=1 is about 1.6 MeV. Hence the present experiment is investigating a region of overlap between two theories. Consequently, values of straggling will be calculated in turn from all three expressions.
A. Bohr Formula
The simplest of the three straggling expressions is that of Bohr.*3 The standard deviation of a Gaussian distribution of energies is given as S1*=4xz2e4~Z(AX),
where ze is the charge on an ion passing through a layer of material of thickness ∆X and containing N atoms per cm3 having an atomic number 2. Values of 7 and q', related to the standard deviation Q by the relation q= 2(2 ln2)'/* Q, have been calculated and are drawn in Figs. 5 and 6. The Bohr expression depends only on the constitution of the medium and its thickness. It is not a function of the energy of the ions. Hence the curves in Fig. 5 should be parabolic and those in Fig. 6 should be horizontal lines. However, inclusion of an effective charge S* will modify the results slightly at low energies. Corrections for effective charge have been included in this and all subsequent calculations. Values were taken from
EvanP at values of u corresponding to E,, in each foil. From the treatment of Livingston and Bethel it is found that the straggling is measured by the standard deviation In addition to the definitions given after Eq. (3), m is the mass of the electron, v is the velocity of the incident ion, Z' is the total number of effective electrons, I; is the average excitation energy of the & electrons in the ith atomic orbit, and Ki is a constant taken to be 4/3 for all orbits. The summation extends over all orbits for which 2mv2>Ii. Hence the Bethe formula is similar to that of Bohr, except for the reduction in the charge Z' and the inclusion of terms depending on atomic structure. As a result of the vu2 factors, there is a slight energy dependence of Q2. The evaluation of Eq. (4) raises several problems which shall be considered separately.
(a) Evaluation of Ii
A set of average excitation energies must be found which satisfies the general relationship given by Bethel9 2 lnI=~if* lnIi,
where I is the average ionization potential of the atom of charge 2 and fi is the sum of the oscillator strengths for all transitions of an electron of the ith orbit. This equation may be taken as the definition of I. The values of fi are approximately equal to 2; and must satisfy the condition Cifi=Z. In first order the excitation energies Ii may be taken to be the observed x-ray critical absorption energies hvi. In general, however, these will not satisfy the sum rule. The evaluation of a set of energies li has been done with the aid of a recipe given by Stemheimer.2s The sum rule, Eq. (5), is rewritten as
where the summation extends over all orbits except the j orbit, which contains conduction electrons. The plasma frequency is vp= (NZe2/rm)1'2. The energy Ii is then rePlaced by phvi, where hvi is the x-ray critical absorption energy for the ith orbit and p is a correction factor applied to all hvi. The factor p must then be evaluated.
Values of hvi have been tabulated by LandoltBornstein for orbits specified by the quantum numbers % I, and j. Sternheimer"6 took Z' to be the sum of all electrons in orbits not excluded in Eq. (4) by the condition Ii> 2mv2, i.e., Z'=Czi. Livingston and Bethe,' however, note that such a value is incorrect and write instead Z'=Z-Cif+Zj, where now the sum extends over the electrons excluded in Eq. (4) by Ii> 2mv2. The fj is an oscillator strength for the optical transitions into the continuous spectrum and differ from unity. Values of jj have been calculated by H6nlzs for the K and L electronic orbits. These are sufficient for Al and Ni, but values for M and N orbits are also needed for Ag and Au. They have not been calculated, but are not expected to diier appreciably from unity. Since the results for Q2 obtained with the Honl values for the K and L orbits are nearly identical to those obtained using the Sternheimer approximation, the neglect of the corrections for the M and LV shells is not believed to be important.
(c) Energy Dependence
Because v2 in Eq. (4) decreases as AX increases, energy thickness curves, such as those in Fig. 2 , must be included in the evaluation of Eq. (4). This has been done using the data listed in Table I .Using v2= 2E,/M,, Oi2 is calculated for each foil separately. Then the total a2 for n foils is Q2=CinQi2. The use of a constant v2 in each foil is questionable. Yet a check was available since Q2 could be calculated for both thin foils and thick foils of Al and Ni. The agreement was exact.
Equation (4) has been evaluated for the four elements and the results for 7 are shown in Fig. 5 . Effective charges were included. The curves lie slightly above those of the Bohr formula. The energy dependence, as calculated by Eq. (2), could not be distinguished from that of the Bohr formula and so was not plotted in In addition to the meanings already assigned to the symbols, &ill is the average kinetic energy per electron of the electrons in the stopping material, # is the logarithmic derivative of the gamma function, and Re # is the real part of #. Equation (7) has an appearance very similar to Eqs. (3) and (4). It will, in fact, reduce to the Bohr formula when z8/hw>>l and to the BetheLivingston formula when se?/fiv<<l. In the evaluation of (7), I is again taken from the tables of Fano.' &,,has been evaluated by Hund30 from a Thomas-Fermi model of the atom. An expression Ekin= 20.8 Z413 eV (8) is obtained. Calculations of Eq. (7) have been carried out using effective charges and including the energy dependence in the same manner as in the BetheLivingston formula. The results are plotted in Fig. 5 . The widths q are 2-3 times greater than those of the previous calculations, a difference arising primarily from the Ekin factor. The shapes are not substantially different. The energy dependence, calculated from Eq. (2), is plotted in Fig. 6 .
V. CONCLUSIONS
The most obvious features of the straggling data are that they are not very well represented by any of the theoretical curves and that the deviation is enhanced at low particle energies. In general, the data lie between the curves of the Bohr and Titeica formulas except in the case of low energies and for aluminum at all energies, where it rises above both of them. The data approach the Bohr curves at small foil thicknesses.
Some explanation for the discrepancies can be provided by the lack of uniformity of the foils. The aluminum foils are known to have numerous pinholes and the radical behavior of the data for that element is evidence of the fact. It is important to note that the discrepancy was greatly reduced by using the more uniform thick Al foils. The nickel foils are believed to be the most uniform and the data are, in fact, in closest agreement with the Bohr curve. The agreement between the data for thin and thick nickel foils is strong evidence for their uniformity. The similarity of the silver and gold data to the nickel data is taken as evidence for the relative homogeneity of those foils.
It is unlikely that foil inhomogeneities could account for the large rises in the straggling observed at low energies. A possible explanation for these could be a large increase in path length as a result of multiple scattering. This effect is difficult to calculate. Rough estimates have been carried out using the tables of Bichsel.r8 Particles emerging from a layer of material have an angular distribution from the normal which is roughly Gaussian in shape, with a standard deviation )o F. Hund, in Handbuch der Physik, edited by H. Geiger and K. Scheel (Springer-Verlag, Berlin, 1933), 2nd ed., Vol. XXIV(l), p. 622.
half-angle less than 3 o for low Z or high energy and as much as 10' for low-energy particles in high-Z material. From the geometry of the apparatus, considering the source as a point, it is estimated that the half-angle acceptance of the detector is less than 5 o . Hence it is more probable that the particles which are detected are those which have undergone few scatterings and have not had a great increase in path length. It may also be argued that the technique of comparing only the symmetric FWHM of each distribution against theory has the effect of neglecting those particles which have lost considerable energy as a result of a large increase in path length from multiple scattering. Nevertheless, detailed calculations of multiple scattering at very low energies are needed.
An alternative e.xplanation for the observed lowenergy behavior lies in the behavior of the charge of the alpha particles. An effective charge z*<z arises from fact that not all ions have a charge .a= 2, but that some have a charge z= 1. The calculation of stopping powers and ranges can be made quite successfully with a velocity-dependent z*. But it is not strictly valid to equate z with z* in the straggling formulas. Effective charges were included in Sec. IV to show that their effect was opposite to the observed behavior. Physically, ions with charge a= 1 will not lose energy as rapidly as ions with charge z=2 and hence, on emerging from a foil, will have an average energy larger than those of charge two. As a result of fluctuations in the charge exchange processes, the resulting energy distribution will not separate into two groups but will more probably be broadened. For alpha particles, capture and loss of electrons begins to become significant in the energy region below 4 or 5 MeV. The data in Fig. 6 are consistent with this interpretation. Calculations of this effect, however, are beyond the scope of this report.
The foils used in this experiment are typical of those used by many experimental physicists. Because of its great simplicity, it is suggested that, for practical applications, the straggling of alpha particles be calculated with the Bohr equation. The result should be then multiplied by a factor between 1 and 2, the amount depending on the alpha-particle energy and the material thickness. Estimates of the factor may be obtained from the data presented here. For small thicknesses or large energies, the Bohr formula gives good results. However values are too small for large thicknesses or low energies by a factor of 2 or more.
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